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Abstract: In xenograft models, orthotopic (ORT) engraftment is thought to provide a different tumor microenvironment compared 
with subcutaneous (SC) engraftment. We attempted to characterize the biological difference between OE19 (adenocarcinoma of the 
gastroesophageal junction) SC and ORT models by pathological analysis and CASTIN (CAncer-STromal INteractome) analysis, which 
is a novel method developed to analyze the tumor-stroma interactome framework. In SC models, SCID mice were inoculated subcu-
taneously with OE19 cells, and tumor tissues were sampled at 3 weeks. In ORT models, SCID mice were inoculated under the serosal 
membrane of the stomach wall, and tumor tissues were sampled at 3 and 6 weeks after engraftment. Results from the two models 
were then compared. Histopathologically, the SC tumors were well circumscribed from the adjacent tissue, with scant stroma and the 
formation of large ductal structures. In contrast, the ORT tumors were less circumscribed, with small ductal structures invading into 
abundant stroma. Then we compared the transcriptome profiles of human tumor cells with the mouse stromal cells of each model by 
species-specific RNA sequencing. With CASTIN analysis, we successfully identified several interactions that are known to affect the 
tumor microenvironment as being selectively enhanced in the ORT model. In conclusion, pathological analysis and CASTIN analysis 
revealed that ORT models of OE19 cells have a more invasive character and enhanced interaction with stromal cells compared with SC 
models. (DOI: 10.1293/tox.2018-0020; J Toxicol Pathol 2018; 31: 293–300)
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Introduction

Cancer xenograft models are widely used to study tu-
morigenesis or to examine response to therapy. Xenograft 
models are classified as subcutaneous (SC) or orthotopic 
(ORT), and researchers select models according to the ob-
jective of a study. SC models are often used to assess an-
titumor activity because of their high reproducibility and 
ease of monitoring cancer growth. On the other hand, ORT 
models are thought to reproduce some aspects of the cancer 
microenvironment and are thought to be more clinically rel-

evant than SC models1–5. ORT models emulate a number of 
important biological features of cancer progression6, 7, me-
tastasis8–10, and sensitivity to therapy11–13. These differences 
between models might be associated with a difference in the 
cancer microenvironment, but detailed mechanisms are still 
unclear.

We previously reported CASTIN (CAncer-STromal 
INteractome) analysis, a novel framework that evaluates the 
cancer-stromal interactome14 and can be used to understand 
the relationship between a cancer and its microenvironment. 
As there is an approximately 15% sequence difference be-
tween human and mouse exon sequences15, a simultaneous 
transcriptome analysis of cancer and stroma can be achieved 
using RNA sequencing data from xenografts16. CASTIN 
summarizes the interactome status between cancer and 
stroma by quantitatively evaluating the ligand-receptor ex-
pression and comprehensively visualizing that expression to 
identify critical cancer microenvironment interactions. In 
a previous report, CASTIN was applied to a data set from 
pancreas ductal adenocarcinoma, and that individual cancer 
was successfully characterized in terms of its cancer-stroma 
relationships14.
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In this study, we histopathologically compared SC 
models and ORT models of a cell line that originated from 
adenocarcinoma of the gastroesophageal junction, OE19. 
Then we applied CASTIN to investigate the difference in 
cancer-stroma interactions.

Materials and Methods

Cell culture
OE1917, a cell line of adenocarcinoma from the gas-

tric cardia/esophageal gastric junction, was purchased 
from the European Collection of Authenticated Cell Cul-
tures (ECACC No. 96071721). The cells were maintained 
in RPMI 1640 (Merck, Darmstadt, Germany) supplemented 
with 10% FBS, 10 mM HEPES, 1 mM sodium pyruvate, and 
2.5 g/L glucose and cultured at 37°C in a 5% CO2 incubator.

Animals
Six-week-old male C.B-17/lcr-scid/scid Jcl severe com-

bined immune-deficient (SCID) mice were provided by 
CLEA Japan, Inc. (Tokyo, Japan). All animals were housed 
in a specific pathogen-free environment under controlled 
conditions (temperature, 20–26°C; humidity, 30–70%; 
light/dark cycle, 12/12 h) and were allowed to acclimatize 
and recover from shipping-related stress for more than 7 
days prior to the study. Chlorinated water and irradiated 
food were provided ad libitum. The health of the mice was 
monitored by daily observation. All animal experiments 
were performed at Chugai Pharmaceutical Co., Ltd. The ex-
periments were reviewed and approved by the Institutional 
Animal Care and Use Committee at Chugai Pharmaceutical 
Co., Ltd.

Xenograft models
For the SC implantation model, 1 × 105 cells were sus-

pended in 200 µL of RPMI 1640 medium containing 50% 
Matrigel (Corning, NY, USA) and injected subcutaneously 
into the right flank of mice. For the ORT implantation mod-
el, the mice were inoculated with 1 × 105 cells suspended in 
20 µL of RPMI-1640 medium containing 50% Matrigel. A 
surgical incision was made in the abdomen under isoflurane 
anesthesia, and the cells were inoculated under the serosal 
membrane of the ventral stomach wall. The tumors were 
sampled at 3 weeks after inoculation. For the ORT model, an 
additional time point was set at 6 weeks. For the SC model, 
no additional time points were set because there was no-
table necrosis in the center of the tumor after 4 weeks. At 
necropsy the animals were sacrificed under isoflurane in-
halation anesthesia by exsanguination from the abdominal 
artery and grossly examined.

Tumor tissue sampling
ORT transplantation is not always successful, so it is 

necessary to select the cases that are appropriate for analy-
sis. For the current study, 4 cases each were selected for both 
time points. Two cases were subjected to histopathology, 
and 2 cases were subjected to RNA analysis. For SC trans-

plantation, 2 cases were used for histopathological examina-
tion, and 3 cases were used for RNA analysis.

Histopathological analysis
The tumor tissues were fixed in 10% neutral buffered 

formalin for 24 h and embedded into paraffin by a routine 
method. The tissues were sectioned at a thickness of 3–4 
µm, and each tissue was subjected to hematoxylin and eosin 
and Masson’s trichrome staining. The slides were examined 
under light microscopy.

Transcriptome sequencing
Tumors were embedded in O.C.T. compound (Sakura 

Finetek, Japan) and frozen in liquid nitrogen. Cryosections 
were prepared and suspended in TRIzol reagent (Thermo 
Fisher Scientific, Waltham, MA, USA), and total RNA was 
extracted according to the manufacturer’s instructions. 
One microgram of total RNA was used to prepare a tran-
scriptome sequencing library for each tumor sample using 
a TruSeq stranded mRNA Library Prep Kit (Illumina, San 
Diego, California, USA) according to the manufacturer’s di-
rections. The libraries were sequenced in 100 bp paired-end 
reads on a HiSeq 2500 sequencer (Illumina). Four libraries 
were loaded into the single lane of an Illumina flow cell, 
producing more than 30 million paired-end reads for each 
sample. Sequenced reads were then mapped to all RefSeq 
transcripts of the human (hg38 coordinates) and mouse 
(mm10 coordinates) using Bowtie 1.1.2, allowing up to one 
mismatch, and reads mapped to both species or to multiple 
genes were discarded. The remaining reads were used to es-
timate the gene expression profile of human cancer cells and 
mouse stroma cells according to the methods in our previ-
ous report14.

Analysis of transcriptomic data
For unsupervised hierarchical clustering analysis, a 

Euclidean distance calculation and Ward’s linkage were per-
formed for the 500 most variable genes, defined by the coef-
ficient of variation calculated across all samples using the 
Strand NGS software (ver. 2.6, Agilent Technologies, Santa 
Clara, CA, USA). Differentially expressed genes (DEGs) be-
tween SC and ORT models were selected using an empirical 
criterion of more than 3-fold change. To gain an overview 
of gene pathway networks, KEGG (Kyoto Encyclopedia of 
Genes and Genomes) analysis was performed using an on-
line KEGG automatic annotation server (https://david.ncif-
crf.gov/summary.jsp). The KEGG pathways identified were 
ranked by P-value.

CASTIN analysis
Interactome profiles were visualized by a modified ver-

sion of the original CASTIN14. In the modified version, can-
cer ligand dependency X and stromal receptor dependency 
Y for each interaction were calculated as follows:

C

C S

LX
L L

=
+ ,



Nakano, Nishizawa, Komura et al. 295

S

C S

RY
R R

=
+ ,

where, LC, LS, RC, and RS, are normalized gene expression 
levels of ligand gene of human (cancer), ligand gene of 
mouse (stroma), receptor gene of human (cancer), and recep-
tor gene of mouse (stroma), respectively. The signal strength 
of ligand H and receptor V were calculated as follows:

{ , }ln(max )k C S kH L∈= ,

{ , }ln(max )k C S kV R∈= .
These four interactome evaluation indices (X, Y, H, 

V) were visualized for each interaction as a rhombus in the 
2D-plane at position (X, Y), and the horizontal and vertical 
diagonal lengths were proportional to H and V, respectively. 
Then each interaction falls into one of the following four 
zones. 1) C-S zone (X≥0.5 and Y≥0.5): interactions in this 
zone indicate that input signals are dominantly created by 
cancer and exclusively transmitted to stroma. Signal trans-
duction takes place only when both cancer and stromal cells 
exist, and thus we call it a “mutually dependent interaction.” 
2) S-C zone (X<0.5 and Y<0.5): interactions in this zone also 
indicate mutually dependent interactions, but the direction 
of signal transduction is opposite (stroma to cancer). 3) C-C 
zone (X≥0.5 and Y<0.5): input signals are created by cancer 
and transmitted mainly to cancer itself. Thus interactions in 
this zone indicate cancer autoregulation. 4) S-S zone (X<0.5 
and Y≥0.5): a counterpart to the C-C zone. Interactions in 
this zone indicate microenvironment autoregulation.

Results and Discussion

Necropsy was performed in the SC and ORT models 
of OE19. In SC models, tumor formation was confirmed in 
all animals. In ORT models at 3 weeks, tumor formation at 
the inoculation site in the stomach was observed (Table 1). 
At 6 weeks, in addition to the changes at the inoculation 
site, there was infiltration of the tumors into other areas of 
the stomach and also metastasis in the pancreaticoduodenal 
lymph nodes, which shows that the area of tumor growth 
had expanded compared with that at 3 weeks (Table 1).

Next the area of inoculation was examined histopath-
ologically in SC models at 3 weeks and ORT models at 3 
and 6 weeks. With SC models, the SC mass was relatively 

well circumscribed from the surrounding tissue, and tumor 
growth was mainly expansive. The tumor cells formed large 
ductal structures with scant stroma (Fig. 1A). The ductal 
wall was relatively thick, and the tumor cells were often 
multilayered (Fig. 1B). With the ORT models, there was also 
tumor formation in the inoculation area, but the tumor cells 
formed smaller ducts that invaded into abundant stroma, 
and the growth was mainly invasive (Fig. 1A). The ductal 
wall consisted of a single layer of tumor cells (Fig. 1B). At 
6 weeks in the ORT model, the monolayered small ducts 
were more densely packed, with less stroma than at 3 weeks 
(Fig. 1A and B). Vascular invasion was noted in the sur-
rounding tissues (Fig. 2). Thus, there was a striking differ-
ence in growth patterns and the amount of stromal tissues 
between the 2 models. Notably, the invasive growth in the 
ORT model was thought to show that there was active in-
teraction between the tumor and stromal cells, so the OE19 
ORT model was thought to be suitable for analysis of can-
cer-stroma interactions. There is little information concern-
ing the difference in the amount of stroma between SC and 
ORT models, but we speculate that this finding is at least 
common among some tumors, because similar results have 
been described in a xenograft model of pancreatic cancer18. 
Additional studies are considered necessary to further elu-
cidate this matter.

In order to analyze the interactions between cancer 
cells and their microenvironment, we performed RNA se-
quencing of each xenograft model and simultaneously ob-
tained OE19 (human) and stroma (mouse) transcriptome 
data. Before CASTIN analysis, we compared the gene ex-
pression profiles of OE19 cells between SC models and ORT 
models. Unsupervised hierarchical clustering showed that 
the expression profiles of SC-SC and ORT-ORT samples 
were consistent and clustered together into distinct groups 
(Fig. 3B). The difference in expression pattern between SC 
and ORT models at 3 weeks is represented in the scatter plot 
in Fig. 3C, for which differentially expressed genes (DEGs) 
were chosen using an empirical criterion of more than 3-fold 
change. Seventy-seven genes were highly expressed in SC 
models, and 168 genes were highly expressed in ORT mod-
els. To identify activated pathways in each model, DEGs 
were subjected to KEGG pathway enrichment analysis. The 
significant pathways with the highest representation are 
shown in Table 2. In the SC models, we could not find sig-

Table 1. Extent of Nodule Formation and Infiltration of Tumor

Findings
Weeks after inoculation

3 6
Tumor, stomach

Inoculation site 4 4
Infiltration, other areas* 0 4

Tumor, other organs
Pancreaticoduodenal lymph node 0 2

There were 4 animals for each timepoint. Numbers indicate the number 
of animals with findings. *Other areas include the small curvature and 
dorsal side of the stomach.
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Fig. 1. Morphological comparison of SC and ORT inoculation of OE19. (A) At low magnitude, bar = 4,000 µm; in others, bar = 500 µm. (B) Bar 
= 100 µm.
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nificantly enhanced pathways, but in the ORT models, we 
found that several signaling pathways including MAPK sig-
naling, focal adhesion, and ECM-receptor interaction were 
enhanced. These data confirm that the OE19 status in SC 
and ORT models is different not only at the transcriptome 
level but also in the pathological analysis described above.

To understand the difference in cancer-stroma interac-
tion between SC and ORT models, we applied CASTIN to 
the data set of each model. Interactome profiles of SC and 
ORT models at 3 weeks were visualized in Fig. 3D. Each 
data point on the plot represents an individual interaction, 
and the positions indicate the role of the interaction in can-
cer-stroma relationships. Interactions that direct a cancer 
ligand to a stromal receptor were plotted in the upper right 

zone (C-S zone), and those that direct a stromal ligand to a 
cancer receptor were plotted in the bottom left zone (S-C 
zone). Many interactions were plotted in the C-S zone and 
S-C zone for both SC and ORT models. To focus on inter-
actions that were selectively enhanced in each model, we 
chose ligands or receptors that were included in the DEGs 
designated by the OE19 expression profiles (shown in dark 
colors in the CASTIN plots). In the SC model, 10 ligands 
or receptors included in the DEGs of the OE19 expression 
profiles were chosen, but none of their interactions were 
plotted in the C-S zone or S-C zone. On the other hand, 
in the ORT model, 44 ligands or receptors included in the 
DEGs of the OE19 expression profiles were chosen, and 
the interactions GAST-CCKBR, EDN1-EDNRB, CXCL3-
CXCR2, CYR61-ITGB3, and DKK1-LRP6 were plotted in 
the C-S zone, so these interactions were thought to affect 
connections from cancer to stromal cells. The interaction 
TNFSF12-TNFRSF12A was plotted in the S-C zone and 
was therefore thought to affect connections from stromal to 
cancer cells. The ligand/receptor expression of OE19 cells 
in each model are compared in Fig. 3E. Interestingly, most 
interactions detected in this study were well known to af-
fect tumor migration or the microenvironment19–25. These 
results indicate that CASTIN analysis could successfully 
identify several cancer-stroma interactions that may affect 
invasive growth of OE19 cells observed in the ORT model.

CASTIN provides a comprehensive view of cancer-
stromal interactions and is useful to identify critical inter-
actions in xenograft models. In this system, the expression 
profiles of stromal cells are obtained from whole mouse cells 
surrounding the xenograft tumors. Because the composition 
of mouse cells varied greatly between SC and ORT models 
in this study, it was difficult to choose interactions that af-
fect the tumor microenvironment. By focusing on DEGs, we 
successfully identified several interactions that were selec-
tively enhanced in ORT models. Even so, the accuracy of 
CASTIN analysis would be maximized by combining tran-
scriptional information of cancer and stromal cells, so now 
we plan to use CASTIN to analyze against gene-modified 
cells (overexpression or knockdown) that have been inocu-
lated at the same site to understand the molecular function 
of genes in a heterogeneous cancer microenvironment.

Fig. 2. Vascular invasion of OE19 cells. Hematoxylin and eosin stain. 
Bar = (A) 500 µm, (B) 200 µm.

Table 2. Upregulated Pathways in the ORT Model

KEGG ID Term P-value Genes

hsa04010 MAPK signaling pathway 7.52 × 10−7 FGF19, PDGFA, CACNG4, NR4A1, HSPA1A, FLNA, DUSP5, DUSP1, 
JUN, HSPA6, HSPB1, RRAS, PLA2G4C, GADD45B, DUSP8

hsa04510 Focal adhesion 2.75 × 10−6 CAV2, CAV1, LAMA3, FYN, PDGFA, JUN, TNC, COL6A1, THBS1, 
COL11A2, BIRC3, FLNA, MYL9

hsa05134 Legionellosis 2.86 × 10−5 CXCL1, CXCL3, CXCL2, HSPA6, CXCL8, TLR4, HSPA1A
hsa04668 TNF signaling pathway 1.77 × 10−4 CXCL1, CCL20, CXCL3, JUN, EDN1, CXCL2, CX3CL1, BIRC3
hsa05132 Salmonella infection 3.22 × 10−4 CXCL1, CXCL3, JUN, CXCL2, CXCL8, TLR4, FLNA
hsa05205 Proteoglycans in cancer 1.77 × 10−3 CAV2, CAV1, HSPG2, RRAS, TLR4, WNT11, MSN, THBS1, FLNA
hsa04512 ECM-receptor interaction 2.89 × 10−3 LAMA3, TNC, HSPG2, COL6A1, THBS1, COL11A2
hsa04115 p53 signaling pathway 6.73 × 10−3 BBC3, SERPINE1, SFN, THBS1, GADD45B
hsa04390 Hippo signaling pathway 6.95 × 10−3 BMP2, CTGF, BBC3, SERPINE1, WNT11, AREG, LATS2

KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Fig. 3.
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